females in their large eye facets, stout bristles and coarse wings, and resemble diploid metafemales in their rough eyes and narrow wings with cut and excised inner margins.
Highly nonrandom assortments of nonhomologous chromosomes in Drosophila melanogaster females have been reported.' 2 That the unexpected distribution of chromosomes is the consequence of directed segregations during meiosis can be established by the equality of reciprocal classes. Other phenomena, such as preferential inclusion of certain chromosomes into the egg nucleus or differential mortality of zygotes, would not be expected to produce equal reciprocal classes. Since the behavior of the chromosomes during meiosis in the female of Drosophila is not amenable to cytological analysis, it may only be inferred that the segregation of nonhomologues to opposite poles in excess of 50 per cent is preceded by associations between them. The interpretation of the data presented here will be based on this inference.
Studies of the conduct of chromosomal elements involved in nonrandom assortment wer e undertaken with the purpose of establishing a set of rules that govern nonrandom assortments. Specifically, this report is directed toward providing answers to the following questions: (1) Is the Y chromosome a necessary component of a system that results in high frequencies of nonrandom assortment? (2) Does competition occur between different elements for association with a nonhomologue? (3) Are there different degrees of attraction between different non-homologues? (4) Are proximal heterochromatic regions the only areas of the chromosomes determining nonhomologous associations?
General Methods.-Nonrandom assortments of nonhomologous chromosomes occur when two or more nonhomologues are present during meiosis without adequate pairing partners. Homologues may be rendered inadequate for normal pairing by structural rearrangements, or extra chromosomes may be added to the normal complement of the female to provide chromosomes unpaired with their homologues. Thus the females in which the phenomenon was originally observed carried an extra Y chromosome and a heterozygous 3;4 translocation, T(3;4)86D.2 The presence of the translocation reduces pairing between the free fourth chromosome and its homologue involved in the translocation. In this situation, the Y chromosome and the fourth chromosome pass to opposite poles with a frequency of 83 per cent; the Y chromosome and the translocation pass to opposite poles with a frequency of 62 per cent; the fourth chromosome and the translocation assort randomly. Presumably, it is the T4 fragment (that portion of the translocation that carries the centromere and proximal heterochromatin of the fourth chromosome up to lOiF and the euchromatin of 3R distal to 86D) rather than the T3 fragment (that portion of the translocation that carries all of the third chromosome up to the breakpoint at 86D and the fourth chromosome distal to lOiF) that is involved in the nonrandom assortment. This conclusion is based partially on Brown's analysis3 of the behavior of a translocation, T(3;4)A9 that has a break at 87E and partially on data that will be presented.
In the analysis of the pairing behavior of the chromosome, the fourth chromosome and the T4 chromosomal element, the frequencies of association between all pairs of these chromosomal elements in the presence and in the absence of the third element were calculated. In making these calculations, we have assumed that association of two elements is followed by their regular separation during the first meiotic division, whereas their failure to associate is followed by random assortment. Since half the products of random assortment are nondisjunctional for the elements, association (a) may be calculated as one minus twice the frequency of nondisjunction (n), i.e., a = 1 -2n.
The third element is assumed to be unavailable for nonhomologous association and "absent" from the system when it has been supplied a structurally identical element that saturates its pairing ability. Thus the T4 was eliminated from the system through the use of a homozygous translocation and the free fourth chromosome by the addition of another free fourth chromosome. The use of an XX female eliminated the Y chromosome.
A factor in measuring the association between the T4 and any other element is the limited availability of the T4, owing to its high frequency of pairing with its homologous region in the right arm of the normal third chromosome. If the normal third chromosome is replaced by the third chromosome carrying a short inversion in the region that is homologous to T4, it can be shown that the availability of the T4 is greatly increased and marked shifts in the association relations among the Y, the fourth chromosome, and T4 occur.
To learn if the Y chromosome is a necessary component of a system showing a highly nonrandom assortment of nonhomologous chromosomes, we performed a set of experiments in which the Y chromosome was replaced by a free X duplication.
Materials.-The translocation used in all the experiments, T(3;4)86D, is viable in the homozygous condition. It carries a closely linked marker, bxl4e, and a loosely linked marker e4. Genetic analysis has shown that bx141 separates from the translocation by crossing over with a frequency of about 1 per cent.
Three different Y chromosomes, yc0s, sc8 Y, and YBS have been used in the experiments.2' 4 The method for following the unmarked YC -s by its suppressing action on the position effect of In(2R)bwVDEl is given in the earlier paper on nonrandom assortment.2
The free X-chromosome duplication that was used for the experiments is Dp(l;f)3.6 This is a grossly deleted chromosome that carries the centromere and proximal heterochromatin of the X chromosome, including the loci of bb+ and su-f+, and the distal euchromatic tip, including the loci of y+ and sc+.
Inversion (3R)Vno was used to disrupt pairing between T4 and its homologous region in the nontranslocated third chromosome. The inversion extends from 89E to 97A on the salivary gland chromosome map according to Nicoletti's analysis.' The inversion is inseparably associated with a reliable, easily classified dominant mutant, Vno (Vein off). The mutant phenotype is a gap in the second longitudinal wing vein.
Results and Interpretation.-The raw data and the calculated segregation frequencies are shown in Tables 1 and 2. The association frequencies that are derived from the segregation frequencies by the use of the formula, a = 1 -2n are presented in Table 3 . The interpretation will most often be in terms of the association frequencies.
It should be pointed out that, if the normal third chromosome can co-orient T3 and T4 in such a manner that they pass to the same pole more often than to opposite poles, a bias will exist favoring recovery of products of T4-3 association as opposed to T4-Y and T44 associations. Preferential recovery of the products of T4-3 associations should lead to the concommitant preferential recovery of Gametes from X/X/YBs; T(8;4)36D, bx34e e4/In(3R)Vno, Vno; CiD 9 9 X wild type 6'ci' 2. Gametes from y2 v/y2 v/YC-s; bw; T(3;4)86D, bx34ee4/In(3R)Vno, Vno; CiD 9 9 X In(2R)bwVDel/SMJ 6e 3. Gametes from y2 v/y2 v/Dp(l;f)3, y+; T(3;4)86D, bx34e e4/In(3R)Vno, Vno; CiD 9 X y; bx34e 6, 6 Gametes from X/X/YB5; T(3;4)86D, bx34e e4/+; ciD 9 9 X bx34e 6' 6' Y chromosome constitution T(3;4) 3;4 products of Y-4 associations. The extent of the co-orientation of the T3 and T4 by the normal third chromosome cannot be evaluated from the available data, but after a consideration of Brown's results,3 we do not believe that it is great enough to alter any of the interpretations.
The dispensability of the Y chromosome: In previous experiments, a Y chromosome was always used as one of the elements involved in highly nonrandom assortment of nonhomologues.1 2, 8 To test the possibility that the Y chromosome was a necessary component in such a system, we substituted the deleted X chromosome, Dp(l ;f)3 for the Y chromosome in females that were homozygous for T(3;4)86D and carried a free fourth chromosome marked with CiD. The progeny of such females reveal that the duplication and the free fourth chromosome associate with a frequency of 96 per cent. The Y chromosome is obviously not unique in its ability VOL. 46, 1960 GENETICS: GRELL AND GRELL 55 to associate with the fourth chromosome, and in fact the duplication appears to associate with a fourth chromosome even more frequently than does a Y. Competition of elements: Competition between three elements may be demonstrated when the removal of one of them results in an increased association between the other two. A comparison of the frequencies of association of the Yc-S and the fourth chromosome in the presence and absence of T4 (Table 3 , lines 1 and 2) shows that association between the Y and fourth chromosomes significantly increased (66.4 versus 84.2 per cent) in the latter case; also the frequency of association of the fourth chromosome and T4 is higher in the absence than in the presence of a Y chromosome (32.8 versus 1.2 per cent). Both these results indicate that the elements are in competition.
Competition among three elements may also be demonstrated when an increase in the availability of one leads to an increase in the association between that element and a second element and simultaneously leads to a decrease in the association between the second element and a third element. When a comparison of the frequency of association between the Y and T4 in the presence and absence of the fourth chromosome is made no significant change is observed (26.2 versus 23.0 or 33.2 per cent). At this point it is necessary to consider that the T4 fragment possesses a sizable homologous pairing region in the distal euchromatin of 3R. If both 3R and the Y are competing for T4, then the availability of T4 for associations with the Y may be limited by the competitive efficiency of 3R. Reduction of this efficiency might be expected to result in radical changes in the associations of the three elements. The use of Jn(3R)Vno to disrupt pairing between the T4 fragment and 3R does in fact increase the availability of T4 as shown by the increase in association between T4 and the fourth chromosome from 32.8 per cent in the absence of the inversion to 97.6 per cent in its presence (Table 3 , lines 1 and 2). A comparison of the associations between the three elements in the absence and presence of In(3R)Vno (Table 3, Degrees of attraction between nonhomologues: The attraction of two different elements for a nonhomologue may be judged only when both these elements are equally available for associations. This condition is realized when the Y, the T4, and the fourth chromosome as well as the inversion are present (Table 3 , line 4).
In this situation, the YBS associates with one nonhomologue, the T4, seventeen times as frequently as it associates with the other nonhomologue, the fourth chromosome; in the case of the yC-S and the Dp(l ;f)3, a fourfold and a twofold preference for the T4 over the fourth chromosome, respectively, is observed. Clearly then, in every case, different elements exhibit different degrees of attraction for a nonhomologue.
These data provide information on whether the segregations can be best interpreted on a bivalent-univalent model or on a trivalent model. According to the bivalent-univalent model, the sum of the pairwise associations of any element with the other elements cannot exceed 100 per cent. An association of 100 per cent 56 GENETICS: GRELL AND GRELL PROC. N. A. S.
indicates that the element is associated with one of its possible associates in every oocyte. A sum of associations in excess of 100 per cent means that an element is associating and separating from two of its possible partners in some oocytes, and consequently a trivalent model must be postulated.
Although the total YBs associations (102 per cent) do not significantly exceed 100 per cent and hence indicate a bivalent-univalent type of association with the fourth chromosome and the T4, the total YC-0 associations (118 per cent) and, more markedly, the total Dp(l;f)3 associations (135 per cent) do significantly exceed 100 per cent and indicate separation from a trivalent association. Contrary to expectation a one-armed element, Dp(1 ;f)3, appears capable of directing two other elements to the same pole. The role of proximal heterochromatin in nonhomologous associations. Regions of shared homology in the proximal heterochromatin have been postulated as responsible for associations between nonhomologues.9 A favorable opportunity for testing whether such associations are exclusively determined by proximal heterochromatin is afforded in the present experiments. The two elements that compete for associations with the Y chromosome or the duplication, i.e., the fourth chromosome and the T4, carry the same proximal heterochromatin of the fourth chromosome up to salivary chromosome map region lOiF. Although the dividing line between heterochromatin and euchromatin in chromosome four has not been precisely defined, the available evidence places it close to 1O1F.10 '1 In any case, if heterochromatin is present beyond this point, it is the fourth chromosome that carries it and the T4 fragment that lacks it. The euchromatic compositions of the T4 and the fourth chromosome, however, are entirely different since T4 carries only euchromatin of 3R. Since the Y chromosome and the duplication associate much more frequently with the T4 than with the fourth chromosome, the preference for association with the T4 must be attributed to the difference of its euchromatic composition from that of the fourth chromosome.
General Conclusions.-Answers to the questions posed and certain other conclusions concerning the behavior of nonhomologous elements involved in nonrandom assortments in the female of Drosophila can be given: (1) Nonrandom assortments of nonhomologues may be induced in high frequencies by the presence in the genome of two or more nonhomologous elements that lack homologous pairing partners.
(2) The equality of reciprocal classes that result from these assortments establishes that they are the result of meiotic segregations. 1 Grell, R. F., Genetics, 42, 374 (1957 ). 2Ibid., 44, 421-435 (1959 . 8 Brown, M., Univ. of Texas Publ. No. 4032, 11-64 (1940). 4Muller, H. J., Drosophila Info. Serv., 22, 73-74 (1948). 5 Brosseau, G. E., Jr., and D. L. Lindsley, Drosophila Info. Serv., 32, 116 (1958) . 6 Lindsley, D. L., and L. Sandler, Genetics, 43, 547-563 (1958 Biol., 23, 197-210 (1958) . 9 Sandler, L. M., and E. Novitski, Genetics, 41, 189-193 (1956) .
10 Bridges, C. B., Trudy po Dinemike Razvitiia, 10, 463-474 (1935) .
11 Hannah, A., Advances in Genet., 4, 87-121 (1951 In Escherichia coli, female strains are designated as F-; male strains are of two kinds, designated F+ and Hfr, respectively. The male determinant in Hfr strains behaves as a chromosomal factor allelic to F-.1-3 In F+ strains, however, maleness is determined by a factor "F," with remarkable properties, notably its easy, contagious transmission to F-cells.4-6 Cells carrying F can be disinfected by treatments with cobalt ion and with acridine dyes.7. I These properties support the conclusion that F is a plasmid, an extrachromosomal particle, which is readily transferred during mating contacts. It has been suggested that Hfr strains represent the incorporation of F as an element of the chromosome. 1, 2, 4 5 9 Jacob and Wollman introduced the term "episome" for a plasmid that has a facultative association with the chromosome.9 The present paper reports further evidence for this conception, namely on the mechanism by which F is eliminated by the acridine dyes.
Materials and Methods.-Two acridine dyes, proflavine (PF, 2: 8-diaminoacridine), and acridine orange (AO, 2:8-bisDimethylaminoacridine) were used. Stock solutions containing 100 ,ug per ml of PF or 500 ,g per ml of AO in water were autoclaved and stored in the dark for periods up to a week. EM-sugar agar"' was used as a selective medium. To grow on this medium, a recombinant must be prototrophic and also be able to ferment the sugar, e.g., lactose. Nutrient medium used for acridine treatment consisted of Difco peptone, 10
and Difco meat extract, 10 gm per liter. The pH of the medium was adjusted with sodium hydroxide solution using the Beckman pH meter. Difco penassay broth (Antibiotic assay medium number 3) was used routinely for bacteriological work.
Strains of E. coli used in these experiments are mutants derived from strain K-12. The production, origin, and characteristics of these mutants are summarized in Table I . The strain used for acridine treatment was mainly W6.
Recombination technique: Overnight cultures of tester strains are streaked on EM-sugar medium and they are cross-brushed against one loopful of the culture being tested. Recombinants arise at the junction of the two cultures only in compatible combinations.4
Acridine method: An overnight F+ culture is diluted to 104 cells per ml in a
